We have applied a computer-based tomographic technique to reconstruct the three-dimensional ultrastructure of newt lung cilia. Epon-embedded samples were cut into 0.25-,im-thick sections that were imaged at 1 MV with a high-voltage electron microscope. For the reconstruction shown, a tilt series of 53 micrographs was taken at tilt angles between -54°and +50°. The reconstruction was accomplished from these projections using a weighted back-projection algorithm. The 12-nm resolution of the reconstruction was sufficient to resolve the outer doublet and central pair microtubules, dynein arms, radial spokes, and central sheath structures. The reconstruction can be viewed from various angles and with appropriate parts cut away to reveal structural features of interest. The sense of depth in these views can be enhanced by stereo viewing of shaded surface images. From this reconstruction, we determined that newt lung cilia contain the more common triplet grouping of radial spokes.
In the past, high-resolution three-dimensional (3D) information concerning the structure of cells was primarily obtained from serial thin (50-to 70-nm) sections. This approach is technically difficult, laborious, and plagued with inherent problems (reviewed in refs. [1] [2] [3] . Artifacts can arise from: the assumption that structural features are constant throughout the depth of the section, the structural discontinuity between adjacent sections, and the loss of information about material that is not clearly visible in thin sections. In some cases a limited amount of 3D information can be obtained from the quick-freeze deep-etch method (e.g., ref. 4) , scanning electron microscopy (e.g., ref. 5) , and other techniques based on surface shadowing. Unfortunately, these methods only reveal surface features, and one must first fracture, crack, or otherwise disrupt the structure to obtain internal information.
With intermediate-and high-voltage electron microscopes (HVEM) high-resolution images can be obtained from sections as thick as 5 ,m (reviewed in refs. 3 and 6) . Such sections contain an appreciable amount of 3D structural information. However, since electron micrographs are twodimensional projections of the object, structural details within the thickness of a section appear superimposed. This overlapping of cell constituents often hides or obscures complicated substructure even when viewed in stereo. The problem of overlap in thick sections was overcome by either choosing a section thickness "in accordance with the degree of complexity of the structure to be observed" (7) or by selectively staining the structure of interest (reviewed in refs. 3 and 6) . The limited number of selective staining procedures applicable to electron microscopy restricts the usefulness of the latter approach, while the former approach necessitates the use of thinner sections that contain a more limited amount of 3D information.
In the study reported here, we use a computer-based tomographic technique to obtain the quantitative 3D reconstruction of in situ newt lung cilia in thick sections. Although the theory for tomographic 3D reconstruction is well established for electron microscopy (8) (9) (10) (11) , its primary application has been the study of macromolecules or isolated small macromolecular assemblies (reviewed in ref. 11) . Only a few studies report the reconstruction of larger cellular components such as chromatin (12, 13) and Balbiani rings (14, 15) . Chromosomes, however, are not the ideal object with which to assess the value of applying tomographic methods to thick-section reconstructions because their structure lacks clearly defined features, is not well established, and varies with the isolation procedure. Resulting reconstructions cannot, therefore, be compared to a known structure. The cilium, on the other hand, is well suited for developing tomographic methods and testing their applicability. Cilia have been studied by a variety of approaches (e.g., refs. [16] [17] [18] [19] [20] , they contain a wealth of easily recognizable structural features (reviewed in refs. 21 and 22), they can be studied in situ, and their structure is stable and reproducibly observed in a wide variety of conditions. There also remain several controversial and undetermined features of cilium ultrastructure (e.g., refs. 16-18; 4, 20) that tomography may ultimately help to resolve.
MATERIALS AND METHODS Sample Preparation. Lysed and reactivated newt lung mucociliary epithelial sheets were prepared, fixed, and embedded as described by Hard and Rieder (19) . The demembranated cilia were functionally unaltered. Sections approximately 250 nm thick were cut and stained for the HVEM as described (1, 19) .
Electron Microscopy. Each tilt series was recorded with an accelerating voltage of 1 MV using the Wadsworth Center's AEI EM7 HVEM. All micrographs were recorded at 20,000x using DuPont Lo'dose mammography film. The response of this film to 1-MV electrons has been characterized by King and Parsons (23) . Those cilia chosen for reconstruction had a typical appearance with no evidence of fragmentation, an orientation approximately perpendicular to the section plane, and no neighboring material that would overlap the structure at high-tilt angles. The specimen was tilted on a single-axis tilt stage designed for the HVEM by Turner and Ratkowski (24) . Each tilt series was recorded in successive 1-or 2-degree intervals starting from the maximum negative tilt angle of about -54°and finishing with a maximum positive angle of about 500. To minimize the magnification and rotational changes caused by the use of a noneucentric stage, specimens were chosen that were near the tilt axis of the stage.
Abbreviations: HVEM, high-voltage electron microscope; 3D, three dimensional.
9040
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
9041
The tilt axis direction was determined by using recognizable features in several cilia as fiducial markers. Magnification changes in the tilt series were detected by measuring the distance between fiducial markers that lay along a line parallel to the tilt axis. Rotational changes in the series were detected by measuring the angle this line made to the edge of the micrographs. From high-negative to high-positive tilt angles, the magnification was found to vary by 2.5%, and the rotational alignment drifted smoothly by 60. Thus, all images were found to be rotationally aligned to within ±30 of the 00 image.
To minimize radiation-induced changes in the specimen during data collection, the specimen was preirradiated for about 5 min, and the tilt series was then recorded with a minimal exposure to the specimen. Minimal exposure was accomplished by the use of low magnifications, mammography film and off-sample focusing. Each image was recorded with approximately 210 e/nm2. A careful check of the digitized images showed that, at this exposure level, both the minimum and the maximum OD levels (relative to the fog level) found on each micrograph were within the linear range of the mammography film.
Image Processing. The micrographs of each tilt series were digitized with a Perkin-Elmer flatbed microdensitometer using a 50-grm scanning step that yields a 2.5-nm pixel size. All computations were carried out using the SPIDER image processing software system developed by Frank et al. (25) . The resolution of the micrographs was checked by digitizing to a 1.25-nm pixel size, a micrograph showing an axial view of a cilium. Across the boundary between background and heavy stain, the digital image changed from maximum to minimum OD values within 4 pixels. This result indicates that the resolution of our micrographs is better than 5 nm.
Translational alignment of the digital tilt series images (relative to an approximately centered 00 image) was accomplished using a cross-correlation procedure (26) . The 3D reconstruction was carried out by a weighted back-projection method (9, 11) , and the resultant reconstruction was contained in a volume of 128 x 128 x 128 voxels (volume elements). The reconstruction was then low-pass filtered in Fourier space to the calculated resolution limit (8) using a filtering function with a Fermi distribution profile (27) . This function produces a smooth cutoff, thereby reducing artifacts in the final result. A surface-shading representation developed by Radermacher and Frank (28) was used to view the 3D reconstruction.
RESULTS
We have collected five tilt series of cilia in thick section and two of these have been carried through the full 3D tomographic reconstruction procedure. One of the reconstructions, which is representative ofboth, is presented in full in this report. The tilt series used to calculate this reconstruction is shown in Fig. 1 . Each of the 53 projections in this series has been rotated to align its y axis (vertical in Fig. 1 ) to the specimen-tilt axis, normalized so that the average OD is the same for all of the projections, and translationally aligned relative to the 00-tilt projection.
The major factor limiting the resolution of a 3D reconstruction from projections is the number of views available. For a single-axis tilt series with even angular increments, as used in our reconstruction, the resolution may be calculated using the formula of Crowther et al. (8) . However, this value for the resolution applies only in the direction perpendicular to the tilt axis and parallel to the specimen plane (x axis) because the full angular range of -90°to +90°is not available in electron microscopy due to geometric limitations. The resolution in the direction perpendicular to the specimen plane (z axis) is degraded (29) . In the present example, which uses an angular increment of 2°and an angular range of -54°t o +50°, the resolution was calculated to be 12 nm in the x direction and 20 nm in the z direction. Because many of the computational steps involved in the reconstruction procedure may degrade the resolution of the original data, the resolution of the micrographs used should be better by a factor of 1.5-2.0 than the resolution expected in the final result. Thus, to achieve a 12-nm resolution in the final 3D reconstruction, the micrographs should have a resolution that is better than 6-8 nm. We estimate that the resolution of our micrographs is better than 5 nm. Resolution in micrographs can be lost, however, when the information is converted into digital form. To prevent this, the sampling step size must be no larger than half the smallest distance to the resolved (30), or 3-4 nm in the present example. The sampling may be chosen to be finer for the visualization of the result and the minimization of cumulative calculation errors. However, a finer sampling grid does not improve the resolution of the result, beyond the limit set by the number of projections, but has the sole effect that details that can be interpreted with confidence are represented by a larger number of volume elements. In the present study, we used a sampling size of 2 Because the data are always sampled at a resolution finer than is required by the final resolution limit, these reconstructions contain details that are not supported by the experiment and do not correspond to structural features (11) . To eliminate these details, we have applied a 3D Fourier filter that limits the resolution to 12 nm (see refs. 11 and 27 for a discussion of filtering 3D reconstructions).
A shaded surface representation of the reconstruction is displayed in Figs. 2-4 . In this representation, a selected surface of the 3D density distribution is defined by a threshold value. A viewing plane is chosen, and shading is applied to each element of the surface according to its distance from this plane and according to its inclination to a virtual light source. For cilia, the threshold level that defines the object boundary can be determined by trial and error so that familiar structural features, such as dynein arms and radial spokes, appear with adequate volume but are still distinct from neighboring material. For an object whose structure is not well known, the optimal threshold should be determined from a display of a contoured section through the reconstruction. The optimal threshold density level lies in the region of greatest density change in the transition from stained to unstained material (31) .
The diameter of the reconstructed cilium shown in Fig. 2  measures 220 nm. The counterclockwise attachment of dynein arms to outer doublet microtubules and the slight skew of these doublets establishes that the cilium shown is being viewed from tip to base (21, 22) . Dynein arms, radial spokes, and the central sheath are all clearly visible, even though the resolution of this reconstruction is limited to 12 nm. However, because these structural elements are only 5-7 nm in diameter, they appear blurred, and their exact positions in the reconstruction are uncertain.
A portion can be selected ("windowed") from the reconstruction and rotated to change the direction from which it is viewed as is illustrated in Fig. 3 . Three cuts were used to produce this figure. One was used to cut away the right side ofthe reconstruction so that the internal features of the cilium would be visible in the rotated views. The other two were applied to the ends of the cilium, perpendicular to its cylindrical axis, to eliminate artifacts at the boundaries of the reconstructed volume. These artifacts arise because the reconstruction was calculated from a tilt series that did not have the full 180-degree angular range. After windowing, the reconstruction was rotated about the y axis (vertical axis) to generate a gallery in which neighboring images form stereo pairs. Once one stereo pair is fused, the whole gallery is perceived as a stereo array showing the structure rotated from 00 to 90°. The rotation axis used in Fig. 3 corresponds to the tilt axis of the original projections. Each of the first five stereo pairs in Fig. 3 , therefore, roughly correspond to one of the images in Fig. 1 . However, the views in Fig. 3 are not projections, and structural details are no longer superimposed as in Fig. 1 Proc. Natl. Acad. Sci. USA 83 (1986) Proc. Natl. Acad. Sci. USA 83 (1986) 9043
The periodicity of radial spokes connected to outer doublet 9 is shown by arrows in Fig. 3 . The periodic attachment of spokes to outer doublets 1 and 6 can also be discerned, but a less obstructed view of the spokes attached to doublet 1 is seen when the window is placed deeper into the cilium (Fig.  4A) . Periodic attachment of material to central pair microtubule 3 is evident in Fig. 4B where the reconstruction was rotated 450 before windowing. Even though this material appears to be attached to the central pair microtubule, its average spacing of 30 nm suggests that it does not represent central sheath projections but rather spoke heads, either single or attached to central sheath projections. Finally, a view of the cilium outer surface is shown in Fig. 4C . In this view, the outer doublet microtubules are distinct, and the periodic arrangement of dynein arms is indicated although not clearly resolved.
DISCUSSION
To fully exploit the potential of tomographic 3D reconstruction methods in cell biology, electron microscopes operating in the high or intermediate voltage range are required so that thick and semi-thick sections can be imaged. It is also necessary to record an extensive tilt series, using 1- structure (8, 11) (Fig. 4C) . A partial reason for this is the degradation of resolution, to about 20 nm, in the longitudinal (z axis) direction due to the use of a tilt range of less than 1800 (29 (11, 29) . However, this anisotropic resolution limitation cannot be the full explanation, since the longitudinal repeat of the radial spokes, which is close to 24 nm, is well resolved. We believe that the main reason for the absence of a distinguishable repeat is the in situ configuration of the dynein arm. Several studies show that dynein is a thin structure that is considerably spread out along the z-axis direction (16) (17) (18) . At the resolution of this reconstruction, such a structure would produce a blurred image that may not be distinctly visible against the complex background of the cilium wall.
We have shown in this report that tomographic techniques are capable of rendering a comprehensive 3D representation, including that of internal substructures, of large complex organelles such as cilia. At the present level of development the technique should be applicable to a variety of structural problems in cell biology. Higher resolution (i.e., 5-7 nm) is required, however, to address unresolved issues of cilia ultrastructure such as the arrangement of central sheath components (22) , the dynein arm configurations (16) (17) (18) , the helical handedness of the radial spoke arrangement (4, 20) , and the structure of the basal body and its connection to the cilium (19) . Feasible approaches to increasing the resolution of the reconstructions include the use of thinner sections, more projections (a 1'-tilt interval), different sample orientations, and the inexact reconstruction method of Crewe et al. (33) .
